the chronic exposure to the pharmaceuticals and personal care products contaminants in water represent a serious public health problem to man and animal. We studied the removal of aspirin (Asp) as an example to these hazardous materials from an aqueous solution using functionalized (fMcnt) and pristine multiwall carbon nanotubes (pMcnt). the characterization of synthetic sorbents was examined with scanning electron energy-dispersive microscopy and transmission electron microscopy. The effects of adsorption time, sorbent mass, solution pH, ionic strength, and temperature were optimized. the functionalization increased the surface area from 151 to 181 m 2 g −1 . consequently, the adsorption capacity increased from 41 mg g −1 to 58 mg g −1 for pMcnt and fMcnt, respectively. the results showed that the adsorption kinetic follows the pseudo-second-order model with very good agreement. Whereas, the adsorption mechanism study showed a partial agreement with the liquid-film diffusion model on PMCNT and FMCNT at 25 °C and 35 °C, respectively, with acceptable linear regression coefficients. The adsorption isotherm results revealed that the adsorption fits the Freundlich model. the thermodynamic study revealed that, Asp adsorption on both sorbents is exothermic, spontaneous and favorable. FMCNT showed relatively high removal efficiency when compared with the PMCNT when used for most of the conditions investigated.
Urban Wastewater Treatment Plants have set standards for many pollutants, such as chemical oxygen demand, biological oxygen demand, and suspended solids, the threshold limits for many PPCPs were not fully declared. This may indicate that the presence of these PPCPs in wastewater at any concentration is unacceptable 5 . A review of the literature indicates that there are many methods studied to remove PPCPs from wastewater, such as oxidation 6, 7 , membrane bioreactors 8 , ZnO-sepiolite heterostructured materials and solar photocatalytic degradation 9 , and electrocoagulation 10 . Among these sorbents, multiwall carbon nanotubes (MCNTs) have been investigated as a pure material and as composites with other chemicals, and they were found to be powerful and cheap methods for the removal of PPCPs from wastewater [11] [12] [13] [14] [15] [16] . Aspirin is one of the most widely produced and consumed drugs, and is therefore one of the most persistent pharmaceutical pollutants in water resources and wastewater 17 . In the present study, the PMCNT and FMCNT were synthesized and characterized, in order to be used as sorbent for the removal of Asp from water as an example of PPCPs. The conditions of the adsorption such as the influence of functionalization, sorbent mass, adsorption time, solution pH, ionic strength, and temperature were investigated and optimized. The adsorption isotherms were also studied and discussed.
Results and Discussion
characterization of carbon nanotubes. The synthesis of carbon nanotubes on cheap and simple substrates without using an external catalyst is an attractive option. The elimination of transition metal catalysts produces relatively pure carbon nanotubes (PMCNTs) that are free of metal oxide residues 18 . In this study, 6 .0 g of PMCNTs were collected from the inner wall of a stainless-steel cylinder in chemical vapor deposition experiments. Acid treatments of the PMCNTs remove traces of the steel cylinder metals and oxidize the surface of FMCNT, introducing different functional groups such as hydroxyl, carbonyl, and carboxylic acid groups via the action of nitric acid 19 . The morphology of the two samples was investigated using a scanning electron microscope. SEM images of the PMCNTs showed a lump of nested nanotubes, as well as some nanofibers with a large diameter and semi-cylindrical shape. Residues of amorphous carbon appeared to accompany the pristine nanotubes, as seen in Fig. 1a . SEM images of FMCNTs (Fig. 1b) showed relatively pure and clear CNTs, indicating the success of the acid purification step in the removal of interfering carbonaceous materials.
The elemental composition of the two CNTs was estimated using EDX. The analysis revealed higher carbon content in the FMCNTs (~98.0%), while that of the PMCNTs was ~85.0%. Acid treatment of the PMCNTs reduced the steel cylinder element content in the PMCNTs to very low values and freed the FMCNTs from the carbonaceous materials. The functionalization was confirmed by FT-IR chromatogram (Fig. 2) and the results of Boehm titration 20 showed that, the acid sites of FMCNTs were 251.2 μmole g −1 . The content of interfering www.nature.com/scientificreports www.nature.com/scientificreports/ elements was found to be higher in the PMCNTs, as expected; in fact, the high value of the oxygen content in the crude PMCNTs (7.5%) can be attributed to the ease of oxidation of graphite and amorphous carbon when compared with the difficult oxidation of CNTs.
teM characterization of pMcnts and fMcnts. TEM images of PMCNTs and FMCNTs confirmed the synthesis of CNTs on the stainless-steel substrate. Figure 1c shows the presence of a long-coiled CNTs accompanied by black carbonaceous materials. Figure 1d shows relatively pure FMCNTs, which resulted from the purification and oxidation step. SEM and TEM images showed variable nanotube diameters due to the different sizes of the steel nanoparticles, which served as growth roots for the PMCNTs on the stainless-steel cylinder. The amorphous carbon and the graphitic materials were found to be attached to the surface of the thick walls of both PMCNTs and FMCNTs, and they were even embedded between the concentric, thick, multi-walls tubes.
nitrogen adsorption/desorption isotherms. According to the original IUPAC classification, the isotherm obtained for the prepared PMCNTs and FMCNTs exhibit an H3 type hysteresis loop (Fig. 3) , which corresponds to typical mesoporous structure. The BET Surface Area of PMCNT and FMCNT was found to be 151 and 181 m 2 g Adsorption studies. The adsorption of Asp served as an example of a pharmaceutical pollutant obtained from aqueous solutions by carbon-based adsorbents and controlled by Van der Waals interactions. To improve the absorptivity properties of carbon, PMCNTs and FMCNTs were synthesized. Both PMCNTs and FMCNTs were used for the removal of Asp from an aqueous solution. The factors that may affect adsorption, such as adsorbent mass, the initial pollutant concentration, contact time, pH level, ionic strength, and temperature, were investigated. The effect of PMCNT and FMCNT mass on the adsorption profile of Asp was studied. Generally, it was observed that the percentage of Asp adsorption increased in association with increases in CNTs mass. This can be attributed to the increase of adsorption sites, which resulted from increasing the CNTs mass to interact with the Asp molecules. The effect of contact time on the adsorption percentage of Asp by CNTs was demonstrated in Fig. 4a . The figure shows that the percentage adsorption of Asp increased over time for the first 30 minutes, after which no further improvement in adsorption percentage was observed; thus, equilibrium was achieved for both sorbents. Given the high availability of active binding sites on the CNTs surface during the first quarter of testing time, it was clear that the CNTs could rapidly and efficiently remove PPPCs from aqueous solutions. Also, the figure shows that the efficiency of FMCNTs was slightly higher than that for the corresponding PMCNTs. www.nature.com/scientificreports www.nature.com/scientificreports/ The effect of pH on the adsorption of Asp by PMCNT and FMCNT at pH values ranging from 3.0-10.0 was studied. The results are presented in Fig. 4b . In general, the maximum adsorption capacity was found at pH 6 for both sorbents. The relatively different adsorption percentages might indicate that adsorption is dependent on both the sorbate and sorbents. The decrease in adsorption percent at high pH levels of 9 and 10 can be attributed to the deprotonation of Asp (Asp pKa = 3.57), and thus the electrostatic repulsion between the negatively charged Asp and CNTs. Accordingly, CNTs may be recycled by strong alkaline solutions. Furthermore, these results highlight the important role of pH in the removal of PPCPs.
The ionic strength was known to affect the electrostatic and hydrophobic interactions in a solution mixture containing an adsorbate and a sorbent. Herein, the effect of ionic strength was investigated and the results are presented in Fig. 4c . The figure shows that no significant effects were observed after increasing ion strength. This trend indicates that the CNTs can remove the PPCPs without significant effect from the soluble ionic salt frequently present in water.
The effect of the initial concentrations of Asp on adsorption efficiency was investigated and the results are shown in Fig. 4d . The figure indicated that the adsorption efficiency decreased upon increasing the initial concentrations of both sorbents. This is not an unexpected result given the saturation of CNT adsorption sites after reaching concentrations of 10 mg L −1
. However, the efficiency of FMCNTs was a little bit higher than that for the corresponding PMCNTs. This may be due to the abundance of different functional groups in the outer walls of the FMCNTs.
In order to conserve the ratio of sorbent: aspirin, the volume of aspirin standard was retained even after two cycles of sorption/desorption process, indicating its good reusability. Regeneration efficiency for each cycle was monitored as adsorption percentage as shown in Fig. 5 . However, the efficiency of FMCNT was slightly reduced after two cycles, in contrast the first recycle of PMCNT observed more efficient than the crude PMCNT, this can be attributed to pores opening by ethanol used for regeneration. www.nature.com/scientificreports www.nature.com/scientificreports/ respectively. The reduction in adsorption capacity of Asp in both CNTs sorbents caused by increasing the solution temperature highlights how the adsorption process is exothermic.
The effect of solution temperature on the adsorption rate and mechanisms were also investigated using various kinetic models. These models include pseudo-first-order and pseudo-second-order kinetic models using Eqs (1) and (2), as based on the Lagrange equation 21 :
where k 1 (min −1 ) and k 2 (g (mg min) −1 ) are the adsorption rate coefficients of the pseudo-first-order and the pseudo-second-order models, respectively.
Moreover, q t and q e are the adsorbed amount per unit mass at time t and at equilibrium, respectively. Table 1 shows the experimental and calculated parameters of the kinetic models. The adsorption of Asp on both sorbents (FMNCTs and PMCNTs) at different temperatures did not have a linear effect. It was also observed that the q e (calculated) was far from the experimental value q e (experimental); thus, the adsorption process does not follow a pseudo-first-order model. In contrast, applying the pseudo-second-order rate model at different temperatures produced a linear relation with an excellent correlation coefficient (R 2 ≥ 0.997) for both sorbents, and it was also discovered that the q e (calculated) was in good agreement with experimental value q e (experimental). These results reflect the notion that the adsorption process follows the pseudo-second-order kinetic model. Adsorption rate-controlling mechanism. Adsorption is a multi-step process that involves the transport of Asp from the aqueous solution to the surface of the PMCNT and FMCNT particles, followed by the diffusion of sorbate molecules through the CNT boundary layer to the external surface; this step is followed by adsorption at the active sites of CNTs. The last step is intra-particle diffusion through pores and aggregates.
Intra-particle diffusion and the liquid film-diffusion kinetic models were investigated at different temperatures using Eqs (3) and (4), respectively:
where q t is adsorption capacity at time (t), k id (mg/g min 1/2 ) is the rate constant for intra-particle diffusion, and C (mg/g) is a constant proportional to the boundary layer thickness 2 .
where F is the equilibrium fractional attainment, while k fd (min −1 ) represents the film diffusion rate coefficient 2 . If the adsorption process is controlled by intra-particle diffusion, the plot of q t against the square root of time yields a straight line that passes through the point of origin. The same holds true for adsorption, which is controlled by a liquid film-diffusion kinetic model; however, herein, the plot is of ln (1-F) against the contact time of adsorption on CNTs.
The results of the investigated kinetic models for the rate-controlling mechanism of Asp adsorption on CNTs is presented in Fig. 6 . www.nature.com/scientificreports www.nature.com/scientificreports/ It is obvious that the adsorption mechanism of Asp partially fits the liquid film-diffusion model on PMCNTs at 25 °C and on FMCNTs at 35 °C, with acceptable linear regression coefficients, as shown in Table 1 . These results suggest that the adsorption mechanism at the stated conditions is not controlled by the intra-particle diffusion during the entire adsorption time for both sorbents.
According to the above results, the best adsorption capacities of Asp by PMCNTs and FMCNTs at 25 °C were 41 mg g −1 and 58 mg g −1 , respectively. These results were compared with other results of Asp removal from the literature as shown in Table 2 . It is obvious that the adsorption capacities reported in this study are higher than the majority of the reported values. Also, the time required to reach equilibrium in our study is lower than in many other studies. This results exhibited the efficiency of CNTs for the removal of Asp from aqueous solution.
Adsorption isotherm studies. The Freundlich and Langmuir models were employed. Equations 5 and 6
represent the linearized equations for Freundlich and Langmuir, respectively: The Asp adsorption isotherm on both sorbents followed the linearized Freundlich model (Fig. 7) . In contrast, the adsorption isotherm did not align with the Langmuir model for both sorbents using the same experimental conditions. The parameters of adsorption isotherms for both models are reported in Table 3 .
thermodynamic study. The enthalpy (ΔH•), entropy (ΔS•) and free energy (ΔG•) can be evaluated by the following Eqs (7-9): 
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where Kc is the equilibrium constant, C Ae and C e represents the adsorbed and the remained Asp concentration, respectively. The thermodynamic parameters were calculated on a temperature range of 298-318 Kelvin as shown in Table 3 . The negative ΔG• values reflected that, the adsorption process is spontaneous and less negative value with increase of temperature shows that an increase in temperature disfavors the sorption process. The negative ΔH• values indicated that the adsorption process is exothermic and the negative values of ΔS• indicated that, the adsorption of Asp on FMCNT is more favorable than on PMCNT.
Application to environmental water samples. The obtained results (Table 3) confirmed the applicability of PMCNTs and FMCNTs for the removal of Asp environmental water samples. The Highest adsorption percentage of Asp was obtained with the Tw followed by AGw and Tw samples. The lowest adsorption percentage in Ww sample may be attributed to the competition of its constituents such as salts and organic compounds with the Asp on sorbents sites. Also, the high concentration of alkali and alkaline earth salts in the AGw sample may explain the low removal of Asp in AGw when compared with Tw sample.
conclusion
The removal of Asp as an example of PPCPs from aqueous solutions by PMCNTs and FMCNTs was investigated. The present study shows that the CNTs are effective adsorbents for Asp removal. From the kinetics investigations, it was observed that the adsorption of Asp was rapid, as it approached equilibrium over a short period of time (30 min). The adsorption capacities were found to be 41 mg g −1 and 58 mg g −1 on PMCNTs and FMCNTs, respectively. The experimental data related to adsorption isotherms were in good agreement with Freundlich model, and they obeyed pseudo-second-order processes with good linearity. The data were also partially in alignment with the liquid film-diffusion model for PMCNTs at 25 °C and for FMCNTs at 35 °C, with acceptable linear regression coefficients. Finally, we can conclude that PMCNTs and FMCNTs can remove PPCPs contaminants from water sources very efficiently. The real challenge remains in the process of developing and manufacturing CNTs commercially and at a lower cost. Analytical method. Aspirin (Asp) concentrations were measured using an ultraviolet (UV)-visible (VIS) spectrophotometer (model: double-beam spectro UV-VIS, UV D3500 LABOMED). The samples were prepared by dissolving a certain amount of Asp standard in a certain volume of deionized water to yield the desired concentrations. A series of concentrations was prepared, which ranged from 5-250 ppm. Absorbance was measured at a maximum lambda of 290 nm. The linear regression (r 2 ) of our curve was found to be 0.9998. The un-adsorbed concentration was determined by withdrawing a certain portion of the mixture using a 5 mL syringe and filtered using a 0.45 µm nylon membrane syringe filter. The adsorbed Asp concentrations were calculated using the linear regression equation. Statistical analysis was performed using Microsoft excel (version 2016).
Adsorption experiments. Some adsorption parameters, including adsorption time, adsorbent mass, solution pH, and initial Asp concentration, were investigated using batch experiments. For the pH experiment, the ionic strength in each buffered solution was determined and adjusted by sodium chloride (0.01 M) to have an electrical conductivity of 320 µS.
For adsorption time, an Asp solution containing 100.0 mg L −1 was prepared. The pH of the solution was adjusted to 6 using 0.1 M of HCl and 0.1 M of NaOH. Of this solution, 25 mL and 25 mg of PMCNTs or 25 mg of FMCNTs were placed into 50 mL plastic tubes. The mixture was shaken continuously for certain periods of time (3, 6, 9, 12, 15, 20, 25, 30, 40, 50 , and 60 minutes). After these preset times had passed, the solution was immediately filtered through a nylon syringe filter (0.45 µm). A UV-VIS spectrophotometer was applied for absorbance measurement.
The percentage adsorption and adsorption capacity of Asp on PMCNT and FMCNT in aqueous solution was calculated using Eqs (7) and (8), as follows:
t o t where C o is the initial concentration (mg L −1 ), C t is the remaining concentration after a certain period of time (mg/L), q t is the amount of Asp adsorbed by the PMCNTs and FMCNTs (mg/g), M is the PMCNT or FMCNT mass (g), and V is solution volume (L).
Each experiment was carried out in triplicate and the average was reported. Blank experiments were performed to evaluate the effect of glassware and nylon filter on the adsorption of Asp, and the effects were found to be negligible.
Application to environmental water samples. Three samples were employed to explore the applicability of PMCNT and FMCNTs for the removal of Asp. The laboratory tap was opened for 15 minutes, after which 2.5 L tap water sample was collect by taking 250 ml every 5 minutes. The Arabic Gulf water sample (AGw) was collected from Al Khobar City -Saudi Arabia, while the waste water sample was collected from the Sewage Treatment Plant (Riyadh -Saudi Arabia). All samples were filtered through 0.22 nylon membrane filter preserved in a polypropylene bottle at 5 °C in the dark and used within 24 h. A samples of tap water (Tw), Arabic Gulf water (AGw), and wastewater (Ww), were filtered and used to explore the applicability of PMCNTs and FMCNTs to the removal of Asp from an environmental samples. Each sample was spiked to obtain 1, 5 and 20 mg L −1 of Asp, and the pH of the spiked samples was adjusted to the optimized condition (pH = 6). 25 mL of each spiked sample was added to 25 mg of PMCNTs and 25 mg of FMCNTs in a separate 50 mL plastic tube. The mixture was shaken continuously for 30 minutes, then filtered through a nylon syringe filter (0.45 µm). The un spiked samples were used as blank, while the spiked solutions were used as standards in order to evaluate the adsorption of Asp by
